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Strabismus, the misalignment of the visual axis of one eye relative to that of the other eye, reduces 
visual acuity in the affected eye. Several processes contributing to that loss are: amblyopia, which 
results in a chronic acuity loss whether or not the fellow eye is viewing; strabismic deviation, which 
shifts the image of an acuity target onto more peripheral, and therefore less acute, retina when the 
fellow eye fixates; interocular suppression and binocular masking, which reduce visibility in the 
strabismic eye due to neural influences from the other eye. We measured the losses due to these 
processes in nine small-angle strabismic subjects. Amblyopia reduced acuity by a median of 34% 
relative to its value in subjects with normal binocular vision, and strabismic deviation produced a 
loss of 44%. Suppression and masking together reduced acuity by 20%, and therefore had 
substantially less effect than the other factors. 
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INTRODUCTION 
Strabismus afflicts around 3% of the population (Ciuf- 
freda, Levi & Selenow, 1991) and results in potentially 
serious visual problems. Strabismus in children can lead 
to amblyopia which, untreated, results in a permanent 
loss of visual acuity in the affected eye. Strabismus 
occurring after the visual system matures often produces 
double vision and reduced binocular single vision. This 
paper is concerned with the question: what factors are 
responsible for reducing vision in the strabismic eye? 
The loss of visual acuity due to amblyopia is apparent 
when the strabismic eye views while the fellow eye is 
occluded. Hess (1977) and Kirschen and Flom (1978) 
have shown that this monocular loss can be separated into 
two components. An idealized representation of their 
results is shown in Fig. l(A). The graph shows visual 
acuity as a function of the retinal location of a test 
stimulus for both the strabismic and fellow eye. As in the 
non-strabismic eye, acuity falls monotonically with 
distance from the fovea in the strabismic eye. The two 
eyes differ, however, in that the acuity at any retinal 
location is lower in the strabismic eye. This loss is 
presumably due to the developmental abnormalities in 
the visual pathway that result from strabismus (Hubel & 
Wiesel, 1965; Crawford & von Noorden, 1979; Chino, 
Cheng, Smith, Garraghty, Roe & Sur, 1994). The second 
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type of vision loss results from ocular posture. Even 
during monocular viewing, there can be a residual 
deviation of the strabismic eye from its optimal position, 
so that the fixated image falls on non-fovea1 retina. 
Acuity at the fixation point is less than that at the fovea, 
resulting in another acuity loss. The total loss is labelled 
“amblyopia” since the clinical measurement of this 
quantity does not differentiate between the loss due to 
abnormalities of the visual pathway and that due to ocular 
posture. 
Vision in the strabismic eye deteriorates further when 
its fellow eye is allowed to view. This has been shown by 
presenting test stimuli to the strabismic eye when the 
fellow eye is either occluded or allowed to view a scene 
that does not include the test stimulus (Sireteanu & 
Fronius, 1981; Holopigian, Blake & Greenwald, 1988; 
Freeman & Jolly, 1994). Clinical evidence indicates that 
there are at least three factors implicated in the acuity loss 
when going from monocular to binocular viewing (von 
Noorden, 1990): First, the strabismic eye deviates when 
the occluder is removed from the fellow eye, displacing 
the acuity target to more peripheral and therefore less 
acute retina. Second, even when the two eyes view the 
same scene, the images of that scene fall on non- 
corresponding locations on the two retinas due to the 
strabismic deviation. A fixated object, in particular, is 
seen in two different visual directions, resulting in 
diplopia. The area of visual field surrounding this visual 
direction in the strabismic eye may become suppressed, 
reducing the visibility of the diplopic image. Third, a 
strabismic deviation puts differing images onto the two 
foveae resulting in the clinical entity known as confusion. 
The term is apt since an object fixated by the non- 
strabismic eye must compete in the binocular percept 
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FIGURE 1. Models for the loss of acuity in the strabismic eye. The horizontal axis gives the retinal location at which a spatially 
detailed target is presented, and the vertical axis shows the acuity with which a human subject discriminates the target. Model 
(A) is an idealized representation of the results of Hess (1977) and Kirschen and Flom (1978), who tested one eye while the 
fellow eye was occluded. Both normal and strabismic eyes showed a monotonic decline in acuity with eccentricity. Model (B) 
assumes that the curves obtained in monocular viewing also hold during binocular viewing, in which one eye views a scene not 
including the acuity target. For both models, the 0 indicates the acuity measured when a strabismic subject attempts to fixate 
the acuity target; in the binocular viewing case it is assumed that a common fixation target is presented to both eyes. The 
downward-pointing arrows indicate the processes reducing acuity during such a measurement. 
with the image of a different object foveated by the 
strabismic eye. 
Suppression and confusion both have counterparts in 
the normal visual system. Interocular suppression occurs 
when two normal eyes are presented with differing 
stimuli. There results a cyclic process, binocular rivalry, 
in which the subject sees better with one eye for a few 
seconds, and then with the other eye for a similar amount 
of time. Suppression has been modelled as an inhibitory 
process that acts alternately on the visual pathways 
leading from the two eyes (see Blake, 1989). Suppression 
is localized in that it extends no further than about 2 deg 
from an incompatibility in the binocular percept (Kauf- 
man, 1963), and is dynamic in that it can develop within 
150 msec of the presentation of incompatible stimuli 
(Wolfe, 1983). The neural site of suppression is 
controversial, but several lines of evidence point to a 
location in the visual cortex (Logothetis & Schall, 1989; 
Sengpiel & Blakemore, 1994). The counterpart of 
confusion in normal vision is binocular masking. 
Sensitivity to a monocularly-presented test target is 
reduced when a masking stimulus is present at the 
corresponding location in the fellow eye’s visual field 
(Legge, 1979). Masking increases when the stimuli 
presented to the two eyes are made more alike in their 
spatial or temporal characteristics, and presumably 
results from the destructive interference between left 
and right eye inputs to binocular centres. 
Our aim in this paper is to quantify the factors that 
reduce visual acuity in the strabismic eye during 
binocular viewing. The key to this analysis is finding 
the acuity loss that occurs when the strabismic deviation 
shifts the acuity target to less acute retina. We found this 
loss in two steps. First, acuity was determined as a 
function of retinal location during monocular viewing. 
Second, an eye tracker was used to find the retinal 
location upon which the image of the acuity target fell 
during binocular viewing. A preliminary report of this 
work been published (Freeman, Nguyen & Jolly, 1994). 
MODEL 
Figure l(B) shows the model we use for the processes 
influencing vision in the strabismic eye during binocular 
viewing. Like the model in Fig. l(A), it contains an acuity 
loss present in monocular viewing, namely amblyopia. In 
addition it contains extra losses that occur only during 
binocular viewing. The first of these is the loss due to 
strabismic deviation. When an occluder is removed from 
the non-strabismic eye, the strabismic eye deviates and 
the image of the fixation target moves across the retina of 
the strabismic eye to a more peripheral and therefore less 
acute location, the contralateral image point. The other 
visual losses in binocular viewing are due to interocular 
suppression and binocular masking. We have not 
attempted to separate these two factors, and they are 
therefore grouped together. 
The model assumes the following equation for acuity 
in the strabismic eye 
a = lamb rdev rsup + mask %orm~ (1) 
where anorm gives the fovea1 acuity in a normal eye, ramb 
is a multiplicative factor representing the reduction due to 
amblyopia, r&v is the reduction factor due to strabismic 
deviation and rsUp + ,,,a& iS the reduction factor due to 
suppression and masking. 
METHODS 
Visual stimulus 
The laboratory studies were all performed on the same 
apparatus, shown in Fig. 2. At the centre of the apparatus 
was the stereoscope through which the subject viewed 
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FIGURE 2. Plan view of the experimental apparatus. Visual stimuli 
were presented on computer monitors, one for each eye. Stimuli to 
each eye reflected off two conventional mirrors, and then a “cold 
mirror” mounted in the stereoscope. Infrared light reflected from an 
eye passed through the cold mirror to a television camera; an eye 
tracker used the resulting video image of the eye to determine eye 
position. The transmission characteristics of the cold mirrors are shown 
in the inset graph. 
stimuli. A synoptophore (Clement Clarke) was used for 
the stereoscope since its two viewing tubes could be 
moved independently to neutralize any strabismic devia- 
tion. The slide projection equipment at the end of each 
stereoscope tube was removed to provide an unimpeded 
view of the externally produced stimulus. The stimuli, 
one for each eye, were produced on 13 in. colour 
monitors (Apple Computer, Inc.) driven by an Apple 
Macintosh 11x computer. The optical path length was 
5.6 m from monitor screen to eye; three front-surfaced 
mirrors were used to obtain this path length in a limited 
space and to centre the stimulus within the field of view. 
The stimulus presented on each monitor consisted of a 
white background on which was centred a heavy black 
rectangle to aid binocular fusion. A black fixation or 
acuity target could be presented at the centre of the 
rectangle. The target was an upper-case letter from the 
English alphabet in bold Helvetica font and could be 
varied in size and duration, depending on the require- 
ments of the experiment. Unless otherwise stated, the 
letter was an X with a height of 10 min arc for non- 
amblyopic subjects, and 15 min arc for the remainder. 
The rectangle subtended 1 deg horizontally x 0.6 deg 
vertically with a border width of 2 min arc, and the 
monitor screen subtended 2.4 x 1.7 deg. The luminance 
of the bright areas of the screen was 95 cd m-* and that 
of the dark areas 0.4 cd m-*. 
The field of view through the stereoscope was a circle 
of diameter 18 deg. Experiments were usually performed 
in a darkened room; areas within the field of view and 
outside the area of the monitor screen averaged 
0.3 cd m-* in luminance. The exception to this was the 
determination of eccentric acuity during monocular 
viewing. In this case there was sufficient room light 
(47 cd m -*) to see fixation targets placed in the vicinity 
of the monitor. 
Acuity measurement 
Visual acuity was measured by briefly presenting an 
acuity target to one eye (the other eye was either occluded 
or viewed a stimulus that did not include the acuity 
target). An up-down staircase of target sizes was used to 
find the acuity. Each trial of the staircase started with the 
presentation of a fixation target (the letter X) in the 
middle of the stimulus. The subject pressed a button 
when ready to proceed, resulting in the replacement of 
the fixation target by the acuity target. The acuity target 
lasted for 350 msec, the centre of the screen was filled 
with the white background for a further 1.5 set (to reduce 
the possibility of backward masking), and then the 
fixation target returned in preparation for the next trial. 
The subject’s task was a many-alternative forced- 
choice: the acuity target was a letter randomly chosen 
from the set of 15 used on a Snellen chart (British Optical 
Co. Pty. Ltd), and the subject was required to identify the 
letter by name. When identification was incorrect, letter 
linear size was increased by 25% on the next trial, and 
when identification was correct letter size was reduced by 
20% on the next trial. The subject received no direct 
feedback on the correctness of responses. This procedure 
leads to a letter size that will be identified correctly, on 
average, half the time. Letter size was recorded at the end 
of each up and down staircase and trials were continued 
until 9 such sizes were obtained; only the last 8 sizes were 
retained. At least two runs were performed for each 
stimulus condition, resulting in at least 16 size measures 
for each condition. The average size, determined with a 
geometric mean, was used to estimate the spatial 
resolution. A visual acuity of 6/6, or 1, is associated 
with a resolution of 5 min arc (since that is the size of the 
6/6 Snellen letters). Acuity was therefore determined by 
dividing the resolution, in min arc, into 5. 
Eye tracking 
Eye position was measured with a video-based eye 
tracker (Micromeasurements, Inc.) while the subject 
viewed stimuli through the stereoscope. This was made 
possible by replacing the conventional mirrors at the 
corner of the stereoscope tubes with “cold mirrors”. The 
transmission characteristic of the cold mirrors used 
(Melles Griot, 45 deg incidence) is shown in the inset 
in Fig. 2. Visual light is not transmitted, resulting in its 
reflection, so that the mirrors did not interfere with the 
presentation of the visual stimulus. Infrared light, on the 
other hand, is 85% transmitted through the mirror. The 
eyes were illuminated by an infrared lamp, and reflected 
light from the eyes passed through the cold mirrors to a 
television camera equipped with an infrared filter. The 
camera was positioned so that its field of view was filled 
with the image of one eye. 
The aim of the eye position measurements was to find 
changes in the direction of gaze. The eye tracker 
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measures eye position by finding the centre of the pupil in 
the video image of the eye. Since head movements can 
produce shifts in the pupillary image in the absence of 
any change in gaze, two controls were used to remove the 
effects of head movements. First, the subject used chin 
and forehead rests attached to the stereoscope to stabilize 
the head. Second, the eye tracker measured the location 
of the cornea1 reflection of the infrared lamp as well as 
pupil location. Since head movement affects these two 
locations almost equally, the difference between them 
contains little contamination from head movement. The 
displacement between pupil centre and lamp image was 
therefore used as the eye position signal. 
The eye tracker analysed the video image with a 
sampling rate of 60 Hz. Eye position was measured in 
single trials of 640 msec, and therefore 38 samples, 
duration. An SD for eye position was calculated for each 
trial. Trials containing eye movements and blinks had a 
markedly elevated SD; such trials were discarded. For 
each remaining trial, the horizontal and vertical eye 
positions were found by averaging across samples. The 
positions returned by the eye tracker were pixel numbers 
from the digitized image. To convert these values into 
degrees of visual angle, the subject was required to look 
at small targets 1.5 deg to the left and right, and 1.25 deg 
above and below, the centre of the monitor screen 
producing the stimulus for the imaged eye. Pixel numbers 
found for each of these four eye postures were used to 
find conversion factors from pixel numbers to degrees of 
visual angle in both the horizontal and vertical directions. 
An upper limit for the resolution of the tracker was found 
by measuring eye position when a subject looked back 
and forth between the calibration targets; the SDS of these 
measurements were 0.27 deg horizontally and 0.36 deg 
vertically. 
Subjects 
A total of 14 subjects were studied. They wore their 
usual optical correction during all clinical tests apart from 
that for the fixation point, and during all the laboratory 
tests. Subjects were classified as having normal binocular 
vision when the visual acuity in each eye was 616 or 
better, stereoacuity was 60 set arc or better, the response 
to cover testing was limited to heterophoria and the 
fixation point was fovea1 in each eye. Five subjects 
satisfied these criteria. The remaining nine subjects had a 
heterotropia or fixation point displacement of at least 
0.5 deg, and were classified as strabismic; their clinical 
measurements are shown in Table 1. All subjects gave 
written consent to their participation in the experiments. 
RESULTS 
Strabismic deviation 
To measure strabismic deviation in the laboratory a 
fixation target (the letter X) was presented centrally in the 
field of view for each eye. Subjects adjusted the relative 
position of the stereoscope arms until the two targets 
were seen superimposed. An occluder was then alter- 
nately inserted into and removed from the optical path of 
TABLE 1. Clinical characteristics of the strabismic subjects 
Visual 
Subject 
symbol zry 
Heterotropia 
(deg) 
Stereoresolution 
(set arc) 
Suppression 
scotoma (deg) Eye 
Refraction 
(D/D deg) 
acuity 
(Snellen 
fraction) 
Fixation 
point (deg) 
0 13 Right eso. (1) > 1000 5.7 Right 
Left 
0 20 Right eso. (1) > 1000 12 Right 
Left 
?? 19 No movement (0) 60 5.7 Right 
Left 
17 34 Left eso. (6) > 1000 5.7 Right 
Left 
?? 54 Left eso. (2) > 1000 1.1 Right 
Left 
0 20 Left eso. (3), > 1000 1.1 Right 
left hypo. (2) Left 
v 30 Right eso. (2), 240 1.1 Right 
right hypo. (2) Left 
v 17 Left exo. (2) 1000 12 Right 
Left 
A 20 Right eso. (8) > 1000 12 Right 
right hyper. (1) Left 
o.oo/o.oo 
o.oo/o.oo 
+ 7.00/0.00 
+ 5.50/0.00 
+ 0.75/ + 0.75 100 
+ 3.75lO.00 
t 2.75/+ 0.25 152 
t 4.5fO.00 
- 1.25/+ 1.00 10 
- 0.75/+ 0.75 90 
+ 1.00/0.00 
+ 4.501 t 0.25 130 
o.OO/o.oo 
o.OO/o.oo 
- 6.50/+ 1.75 100 
- 9.00/+ 2.25 90 
- 1.25/0.00 
- 1.75/0.00 
0.64 0.2 nasal 
1.23 Central 
0.39 0.7 nasal, 0.7 sup. 
0.96 Central 
1.17 Central 
0.63 0.4 temp., 0.4 sup. 
1.45 Central 
0.89 0.7 nasal, 0.7 sup. 
1.04 Central 
0.61 0.7 nasal, 0.7 inf. 
1.31 Central 
0.59 0.5 nasal 
0.45 1 nasal, 0.2 inf. 
1.14 Central 
1.02 Central 
0.42 1 temp. 
0.56 Unsteady ( f 0.5) 
1.19 Central 
The column headed “Subject symbol” gives the svmbol by which each of the nine subiects is represented in Figs 3-8. “Heterotropia” was - _ 
measured with a simultaneous prism bar cover test, “Stereo resolution” with the TN0 test, “Visual acuity” with-multiple-letter dis$ays on a 
video acuity-tester (Mentor O&O, Inc.) and “Fixation point” with a monocular test on a fixation ophthalmoscope (Visuscope). The column 
headed “Refraction” gives the refractive power of the optical correction worn in all tests apart from that for the fixation point. Subjects with 
optical correction used glasses, except for subjects 0 and c7 who wore contact lenses. The “Suppression scotoma” was measured using 
fusion slides on a synoptophore: compatible stimuli were presented to the two eyes, with a test feature presented only to the strabismic eye. 
The angle between the fixation point and the test feature was reduced until the feature could no longer be seen. The scotoma diameter is 
calculated as twice this angle. 
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FIGURE 3. Ocular deviations in going from monocular to binocular 
viewing. The eyes were presented with a common fixation target, and 
the position of one eye recorded while the fellow eye was either 
occluded or allowed to view. The horizontal and vertical axes show the 
movement of the recorded eye in the horizontal and vertical directions 
respectively, when the occluder was removed from the fellow eye. 
Small filled circles (0) represent the eyes of five subjects with normal 
binocular vision, and the larger symbols give the results for nine 
strabismic eyes. The dashed ellipse shows the 95% confidence contour 
for testing whether deviations differ from zero. 
the non-strabismic eye, and the eye tracker used to record 
the position of the strabismic eye during each of the 
resulting periods of monocular and binocular viewing. 
The position of the strabismic eye during monocular 
viewing was subtracted from that during binocular 
viewing; the strabismic deviation is the average differ- 
ence calculated from eight measurements during each of 
monocular and binocular viewing. For normal subjects 
the deviation of one eye was measured with the above 
procedure, the eye tracker and occluder were swapped 
between eyes, and the procedure was then repeated. 
Figure 3 shows the result. The small filled circles 
clustered around the origin give the ocular deviation 
measured from the normal subjects, and the remaining 
symbols give the strabismic deviations. The dashed 
ellipse around the origin was used to test the hypothesis 
that deviations differed from zero. The SD of the 
measurement was found for each subject; SDS were 
similar for normal and strabismic eyes, but greater for 
vertical than for horizontal ocular deviations. The ellipse 
is a 95% confidence contour calculated from the SDS. All 
the data from normal eyes fall within or very close to the 
contour. The hypothesis that ocular deviations in normal 
eyes differ from zero can therefore be rejected, indicating 
that there is no systematic error in either the experimental 
design or equipment. By contrast, deviations in the 
strabismic subjects are all significantly different from 
zero. They range from 2 deg of exotropia to 6 deg of 
esotropia, with varying amounts of hypo- and hyper- 
tropia. For almost all strabismic subjects the strabismic 
deviation shown here is in the same direction and has the 
same order of magnitude as the heterotropia shown in 
Table 1. The clinical and laboratory results are similar 
despite very different methodology. 
Loss of acuity with eccentricity 
When an occluder is removed from the non-strabismic 
eye, the strabismic deviation displaces a fixation target 
viewed by the strabismic eye from the monocular fixation 
point to a more eccentric location, the contralateral image 
point. We tested whether this eccentric displacement 
results in a visual acuity loss by measuring acuity as a 
function of eccentricity for the region of visual field 
between the fixation and contralateral image points. The 
measurement was performed with the non-strabismic eye 
occluded to avoid the intrusion of binocular processes 
such as interocular suppression. 
For each subject the area between the fixation and 
contralateral image points was divided into a grid using 
horizontal lines separated by OS-2 deg and vertical lines 
separated by the same amount. The result was a 
rectangular grid with the fixation point at one corner, 
and including the contralateral image point near the 
opposite corner. The points at the intersections of the grid 
were marked on a transparent sheet of plastic as black 
spots big enough to be easily visible to the subject. The 
sheet was then placed adjacent to the stimulus screen so 
that one corner of the grid was at the centre of the screen. 
The subject then fixated a point on the grid while acuity 
targets were presented at the centre of the screen 
according to the protocol described in the Methods. 
Acuity was measured for each of the points on the grid, 
resulting in a map of acuity as a function of eccentricity 
from the fixation point. 
Figure 4(A) shows the result for one subject. Acuity is 
shown on the vertical axis and retinal location is shown 
on the plane defined by the other two axes. Acuity falls 
monotonically with distance from the fixation point and 
is therefore substantially lower at the contralateral image 
point than at the fixation point. The same monotonic roll- 
off in acuity was found for most of the subjects, as 
indicated by Fig. 5. This figure shows acuity as a function 
of both horizontal and vertical displacement from the 
fixation point [Fig. 5(A, B) respectively]. Our data are 
therefore consistent with previous results (Kirschen & 
Flom, 1978; Sireteanu & Fronius, 1981) showing that 
acuity in the strabismic eye declines with distance from 
the fovea. Subject ??provides an interesting confirmation 
of this result. The fixation point for this subject was 
0.4 deg temporal and superior (Table 1) and the 
contralateral image point was about 1 deg nasal to the 
fixation point (Fig. 3). The testing for acuity depicted in 
Fig. 5 therefore took the acuity target closer to the fovea 
than either the fixation or contralateral image points, 
resulting in an elevated acuity between these points. 
Modelling the roll-off 
The contralateral image point fell between the outer- 
most points used to measure the decline of acuity with 
displacement from the fixation point. In order to estimate 
acuity at the contralateral image point, we fitted a 
function of displacement to the grid of measured acuities. 
The acuity axis in Fig. 5 is logarithmic; the straightness 
of the curves in Fig. 5(A) therefore indicate that acuity 
can be approximated with an exponential function of 
horizontal distance from the fixation point. For 
770 ALAN W. FREEMAN et al. 
(A) Subject A Fixation 
point 
1 
(B) Model Fixation 
point 
Contralateral 1 
FIGURE 4. Loss of acuity with eccentricity during monocular viewing in one strabismic eye. Strabismic subjects were 
presented with acuity targets at a variety of displacements from the fixation target; the area tested included the contralateral 
image point. (A) This shows the result for the subject (A) with the largest strabismic deviation. The vertical axis gives acuity, 
and the other two axes show the displacement of the acuity target from the fixation target. Acuity declines monotonically with 
eccentricity. The length of each error bar is equal to 2 SEM. Coefficients of variation were found to be close to 26% in all 
subjects studied, and the SEM was calculated from this value. (B) This graph has the same axes as those in (A), and shows the 
exponential function fitted to the observations. The point on the fitted surface labelled “Contralateral image point” gives the 
acuity at the retinal point receiving the image of a fixation target during binocular viewing. 
simplicity, an exponential function of distance is also 
assumed for vertical displacements: 
a = as, exp[ - ~(x/Iz)’ + (y/v)‘] (2) 
where afix is the acuity measured at the fixation point, x 
and y give the horizontal and vertical displacements, 
respectively, from the fixation point, and h and v are the 
space constants in those two directions. A least-squares 
regression procedure was used to fit this function to the 
data from each subject; there were an average of 6.6 
points for each of the nine subjects. An F-ratio was 
calculated for each regression to test the hypothesis that 
the slope of the regression line was zero. The difference 
of the slope from zero was significant at the 5% 
probability level for all but two of the subjects (0 and 
V). The question of whether an exponential function of 
displacement provides the best model is taken up in the 
Discussion. 
Acuity loss due to strabismic deviation 
Figure 4(B) illustrates how the acuity loss due to 
strabismic deviation was calculated. Equation (2) giving 
acuity as a function of displacement from the fixation 
point, was evaluated at the contralateral image point. The 
ratio of acuity at the contralateral image point to that at 
the fixation point then gives the multiplicative factor by 
which strabismic deviation reduces acuity: 
rdev = acip hiix 
= exp[ - ‘(-%p lh)* + Cycip /VYl 
(3) 
where a+, represents acuity at the contralateral image 
point (x,-ip, y,-ip). Figure 6(A) is a scatter plot in which 
each symbol represents one subject. The reduction in 
acuity due to strabismic deviation, rdev, is plotted along 
the horizontal axis. The plot shows that the reduction 
factors in our subjects ranged from 0.27 to 0.88. These 
factors were found in the subjects with the greatest and 
least deviations respectively. 
Acuity loss due to binocular viewing 
The loss of acuity in the strabismic eye during 
binocular viewing is greater than that due to strabismic 
deviation because of the extra losses due to interocular 
suppression and binocular masking. To find the loss 
resulting from all these factors combined, we compared 
acuity during binocular viewing with that during 
monocular viewing. Subjects viewed computer- 
generated stimuli through a stereoscope as in the previous 
experiments. For the binocular case, the conditioning 
stimulus presented to the non-strabismic eye was 
identical to that presented to the strabismic eye: a 
fixation target (the letter X) centred in the field of view 
and surrounded by a rectangle to aid fusion. The subject 
adjusted the relative position of the two stereoscope arms 
until the fixation targets were seen superimposed. Acuity 
targets were then presented in place of the fixation target 
before the strabismic eye according to the protocol 
described in the Methods. The monocular condition was 
the same except that an occluder was placed in the optical 
path used by the non-strabismic eye. 
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FIGURE 5. Decline in acuity with eccentricity for all strabismic eyes. Acuities were tested by presenting targets at horizontal 
(A) and vertical (B) displacements from the fixation target. The origin of the horizontal axis represents the fixation point. For 
each subject acuity has been normalized by the value recorded when the acuity and fixation targets coincided. 
0.5 1 0 0.4 0.8 
Acuity at c.i.p. Loss due to strabismic deviation 
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FIGURE 6. Comparison of the acuity losses due to strabismic deviation and binocular viewing. Each symbol represents one 
strabismic eye. (A) The horizontal axis gives acuity at the contralateral image point as a fraction of its value at the fixation point; 
these acuities were measured during monocular viewing. Values < 1 indicate a reduction in acuity due to strabismic deviation. 
The vertical axis shows acuity during binocular viewing as a fraction of its value when the fellow eye is occluded. Values < 1 in 
this case indicate acuity reductions due to factors, suppression and masking, in addition to strabismic deviation. (B) This graph 
shows the same data except that each reduction factor has been transformed into a subtractive loss by taking the negative of its 
logarithm. Since the acuity loss due to binocular viewing includes that due to strabismic deviation, the points lie very close to, or 
above, the 45 deg dashed line. The steeper dashed line shows the boundary along which the loss due to strabismic deviation is 
half of that due to binocular viewing. Since most points fall on or below this line, the acuity loss due to strabismic deviation is 
larger than other component losses in most subjects. 
The reduction in acuity due to binocular viewing was 
calculated by dividing the acuity obtained during 
binocular viewing by that during monocular viewing: 
rbin = abin I amon- (4) 
This reduction factor is shown on the vertical axis of the 
scatter plot in Fig. 6(A). The figure therefore compares 
the acuity reduction due to binocular viewing with that 
due to one of its component factors, strabismic deviation. 
The comparison is made somewhat easier in Fig. 6(B), 
which shows a transformed version of the data in Fig. 
6(A). Each multiplicative reduction factor, r, in Fig. 6(A) 
is turned into a subtractive loss in Fig. 6(B) by taking the 
negative of its logarithm. Thus, for instance, a small 
strabismic deviation results in a small loss which plots at 
the left end of the horizontal axis, and a large deviation 
produces a large loss, at the right end. 
The shallower dashed line indicates equality between 
the loss due to strabismic deviation and that due to 
binocular viewing. Three subjects lie very close to this 
line indicating that their binocular loss was due to 
strabismic deviation with negligible contribution from 
suppression and masking. These three subjects are 
discussed further under the heading Ocular independence 
in the Discussion. The steeper dashed line shows the 
boundary along which the loss due to strabismic 
deviation is half that due to binocular viewing. Only 
two subjects lie above this boundary. For the other seven 
subjects, therefore, the loss due to strabismic deviation is 
greater than that due to suppression and masking, and is 
therefore the major component of the binocular loss. 
Components contributing to acuity loss 
We now have sufficient information to split the acuity 
losses in the strabismic eye into components due to 
amblyopia, strabismic deviation, and suppression and 
masking. To find the acuity loss due to amblyopia, the 
acuity in the strabismic eyes was compared with the mean 
acuity obtained from the normal subjects. Both strabis- 
mic and normal subjects were tested using the monocular 
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FIGURE 7. Components of acuity loss in nine strabismic eyes. The 
dashed line gives the mean acuity recorded in subjects with normal 
binocular vision. The length of each arrow gives the acuity loss due to 
the stated factor in a strabismic subject; arrows smaller than their 
arrowheads are not shown. Amblyopic loss was determined from the 
acuity during monocular viewing compared with that in normal 
subjects. The loss due to strabismic deviation was found by the method 
depicted in Fig. 4, and the total loss due to strabismic deviation, 
suppression, and masking was found by comparing acuity during 
binocular viewing with that during monocular viewing. The loss due to 
suppression and masking was then found by subtraction. Median losses 
across subjects are also shown. 
viewing condition of the acuity task described above. 
Acuity in each strabismic eye was divided by the 
geometric mean of the 10 acuities measured during 
monocular viewing in the normal subjects. The acuity 
reduction due to amblyopia is 
ramb = amon la “Ollll (5) 
and is shown in Fig. 7. The horizontal axis in this figure 
gives the strabismic subjects by symbol, and the vertical 
axis gives acuity. The dashed line shows the mean acuity, 
a norm9 obtained from the normal subjects. The arrows 
commencing at the dashed line give the loss due to 
amblyopia; the acuity at the tip of one of these arrows 
therefore represents amon for the corresponding subject. 
The acuity reduction due to binocular viewing is 
assumed to be the product of two factors, the reduction 
due to strabismic deviation, and that due to suppression 
and masking: 
rbin = rdev rsup + mask. (6) 
The factors rbin and r,& have already been found, so that 
r,,, + mask can be calculated from this equation. The 
acuity losses due to strabismic deviation and due to 
suppression and masking are shown in Fig. 7 by the 
middle and lowest arrow respectively, for each subject. 
While there is substantial variation across subjects, the 
mean and median for each loss were very close. The 
median losses across all subjects are shown at the right of 
the figure: the reduction factors due to amblyopia, 
strabismic deviation, and suppression and masking are 
0.66, 0.56 and 0.80 respectively. Amblyopia therefore 
reduced acuity by a median of 34%, strabismic deviation 
by 44%, and suppression and masking by 20%. Thus, the 
acuity losses due to suppression and masking are 
substantially less than those due to the other processes. 
DISCUSSION 
Processes reducing visual acuity 
There are several processes that reduce visual acuity in 
the strabismic eye: 
??Eccentric fixation is a displacement of the visual axis 
from the fixation target during monocular viewing. 
Acuity is reduced since the fixation target is imaged on 
eccentric retina. 
??Strabismic amblyopia refers to a chronic reduction in 
the strabismic eye’s acuity that is present during both 
monocular and binocular viewing. It includes the loss 
due to eccentric fixation and an extra loss due to 
disordered development in the visual pathway. 
??Strabismic deviation is a misalignment of the affected 
eye that occurs when the fellow eye is viewing. The 
deviation has the effect of displacing the fixated object 
from the fixation point to more peripheral, and therefore 
less acute, retina. 
??Interocular suppression is an active process that reduces 
the visibility of the scene viewed by one or the other eye 
when the two eyes convey incompatible images to the 
brain. 
??Binocular masking, a reduction in the signal-to-noise 
ratio, occurs when a signal to one eye is presented in 
close spatial or temporal proximity to a visual stimulus 
presented to the other eye. 
It has been assumed that the strabismic eye’s acuity loss 
in going from monocular to binocular viewing is largely 
due to interocular suppression (Sireteanu & Fronius, 
1981; Holopigian et al., 1988; Freeman & Jolly, 1994). 
The main finding in this paper is that this is not 
necessarily the case; the major binocular loss in our 
sample of small-angle strabismic subjects was due to 
displacement of the stimulus to more peripheral retina. 
Separating the components of visual loss 
While we were able to separate the effects of 
amblyopia and strabismic deviation, we have not 
attempted to distinguish between the effects of suppres- 
sion and masking. The difficulty is that suppression and 
masking tend to come and go together as the visual 
stimulus is altered. Presentation of a contoured stimulus 
to one eye will tend to mask and suppress the fellow eye, 
while removal of the stimulus will reduce the effects of 
both of these processes. In the present study a central 
fixation stimulus (the letter X) was shown to both eyes in 
order to: obtain a reproducible shift in the strabismic eye 
when the occluder was removed from the fellow eye; 
produce a stable ocular posture in both eyes when acuity 
was tested during binocular viewing. During measure- 
ments of acuity, the fixation stimulus to the non-tested 
eye tends to mask the acuity target presented to the other 
eye and also increases the level of suppression on that eye 
(Freeman & Jolly, 1994). 
Correlation of the components 
The strabismic eye has a monocular loss of vision, 
amblyopia, and extra binocular losses that appear when 
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FIGURE! 8. Relationship between acuity losses due to amblyopia and 
binocular viewing. The losses due to amblyopia and binocular viewing, 
taken from Fig. 7, are plotted against each other, with one symbol for 
each strabismic eye. The sloped line gives the result of a least-squares 
regression: there is a negative correlation between the two variables, 
but the correlation is not statistically significant. 
the fellow eye views. Holopigian et al. (1988) suggested 
that when the images from the two eyes conflict, visibility 
in one eye is reduced until it no longer significantly 
interferes with the other eye; the monocular and 
binocular losses in an affected eye should then be 
negatively correlated. They tested a group of six 
strabismic and three anisometropic subjects by measuring 
the loss of grating sensitivity in the affected eye when the 
fellow eye was allowed to view a scene not including the 
test stimulus. The loss was negatively correlated with 
amblyopia in the affected eye, confirming their hypoth- 
esis. 
We have tested the same hypothesis. The data in Fig. 8 
are taken from Fig. 7, with the reduction factors 
converted to subtractive losses. The horizontal axis gives 
the acuity loss due to amblyopia. The vertical axis gives 
the loss of acuity in going from monocular to binocular 
viewing. While there is a downward trend in the data, 
with a correlation coefficient of - 0.45, the correlation is 
not significant: an F-test on the regression line slope 
showed that the difference of the slope from zero was not 
significant at the 5% probability level. The difference 
between our results and those of Holopigian et al. (1988) 
may be due to the inclusion of non-strabismic anisome- 
tropes in their sample. Also, both their and our sample is 
small (n = 9). A bigger sample is probably required to 
settle the issue. 
Decline of acuity with eccentricity 
The loss of acuity with distance from the fixation point 
was modelled with an exponential function, as shown in 
Fig. 4(B). It appears from the figure that an exponential 
may not be the most appropriate function since the 
observations close to the fixation point decline more 
rapidly with horizontal distance than does the function. 
This lack of fit did not matter when finding the loss of 
acuity due to strabismic deviation since the fit between 
observations and model at the contralateral image point 
was very good for this and the other subjects. However, it 
does raise the question: what is the rate of decline of 
acuity in strabismic eyes? 
Previous studies have found an approximately linear 
relationship between the minimum angle of resolution 
and the degree of eccentric fixation, with a slope 
of 1.8 min arc/deg (Flom & Weymouth, 1961) and 
1.3 min arc/deg (Kandel, Grattan & Bedell, 1977). These 
values derive from regressions on the pooled data of a 
variety of strabismic subjects, ranging from those with no 
eccentric fixation and near-normal acuity, to others with 
marked eccentric fixation and deep amblyopia. It is 
therefore to be expected that these slopes over-estimate 
the rate of acuity loss in single subjects. We measured the 
increase in the minimum angle of resolution with 
horizontal distance from the fixation point by averaging 
the slopes obtained from the nine strabismic subjects for 
distances up to 2 deg from the fixation point. The result, 
0.66 min arc/deg, is similar to that obtained from normal 
subjects (Wertheim, 1894). 
Ocular independence 
We measured acuity during binocular viewing by 
presenting acuity targets to one eye. Prior to the 
appearance of each test stimulus, the two eyes were 
presented with identical conditioning stimuli. For most of 
the subjects the two conditioning stimuli were indis- 
tinguishable. The remaining three subjects (0, 0 and A) 
differed in that they could attend to either eye, and 
therefore conditioning stimulus, at will. Switching their 
attention from the tested eye to its fellow produced a 
marked drop in the acuity measured. In the most dramatic 
case (subject A), acuity in the strabismic eye fell from 
0.52 to 0.18 when attention was diverted to the fellow 
eye. To obtain a consistent set of results these subjects 
were therefore instructed to attend to the non-tested eye 
throughout the measurement procedure. 
Two of the three subjects (0 and A) were further 
tested to find out why acuity changed with attention. The 
eye tracker was used to measure shifts in the strabismic 
eye when: (i) an occluder was removed from the non- 
strabismic eye; (ii) attention was switched from the 
strabismic eye to the non-strabismic eye during binocular 
viewing. The deviation in the strabismic eye was the 
same (to within 4%) in the two cases. Clearly, then, a 
switch of attention to the non-strabismic eye produces the 
strabismic deviation, and a loss of acuity in the strabismic 
eye, as the acuity target shifts to more peripheral retina. 
The three subjects displayed little or no interocular 
suppression and binocular masking: they sit on or very 
close to the lower dashed line in Fig. 6(B), and their 
suppression plus masking losses are seen to be very close 
to zero in Fig. 7. They were also completely lacking in 
stereopsis, as shown by Table 1. The ability of these 
subjects to attend to either eye, and the lack of any 
binocular function, indicates that visual functions for the 
left eye are independent of those for the right. The 
clinical term for this condition is retinal incongruity (Lyle 
& Wybar, 1970). Schor (1991) who uses the term 
utrocular vision, provides evidence that it is caused by a 
lack of binocular cells. 
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Clinical implications Holopigian, K., Blake, R. & Greenwald, M. J. (1988). Clinical 
The major losses of vision in our sample of small-angle 
strabismic subjects are due to amblyopia and strabismic 
deviation. The implication for the clinic is not very 
surprising: that both amblyopia and the deviation should 
be reduced by whatever means (optical correction, 
patching, orthoptic exercise or surgery) are most 
practical. In a subject with permanent amblyopia, 
treatment can still be usefully directed to reducing the 
deviation. The results of this study show that any 
realignment should be accompanied by an improvement 
in vision. 
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